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SUMMARY 
The difficulty in determining the stage of the curing process at 
any given time was largely overcome in these studies by the perfec-
tion of a weighing device which enabled the operator to determine 
the moisture content of the hay as it was being cured in the field. 
The presence of living cells in the stems and leaves of field-cured 
hay plants was shown. 
The evidence and .theories on heating of hay indicate that heating 
is due largely to chemical oxidation processes. These processes may 
be helped along by the respiration of the living cells in the plant 
up to 40-4,s° C. and by the work of microorganisms from air tempera-
tures to 70° C. in producing unstable, unsaturated compounds. It is 
believed that beyond this point the heating is due entirely to chemi-
cal processes. 
Alfalfa hay was found to cure more rapidly in the swath than 
in the windrow and more rapidly in the windrow than when cocked. 
Hay that was one-fourth, one-half 'or three-fourths cured in the 
swath prior to windrowing cured more rapidly than the hay wind-
rowed at once, and the longer the hay was allowed to remain in the 
swath, the less time was required for curing. 
Cocking hay, either at once or after partial swath Or windrow-
curing, delayed the curing process. Green hay in large cocks heated 
and lost its color. Good quality hay was made by cocking after 
partial swath or windrow-curing. 
Turning average sized windrows with the rake in good curing 
weather was found to be slightly detrimental as no appreciable time 
was gained and the quality of the hay was slightly lowered. Turn-
ing large windrows or windrows wet by rain caused them to cure 
more rapidly and gave a better quality of hay. 
Tedding hay was not found to be advantageous in any way in 
these experiments and was detrimental to the quality of the hay. The 
tedder may be valuable in curing extremely heavy swaths of hay. 
Complete swath-curing resulted in the greatest loss of leaves ; 
three-fourth and one-half swath-curing were next in amount of leaves 
lost. Windrowing at once and one-fourth swath-curing followed by 
windrowing resulted in the least loss of leaves. The leaf-loss in 
swath-curing hay was increased by the use of the tedder. The turn-
ing of the windrow with the rake caused an additional leaf-l oss in 
windrow-cured hay. 
DurIng these experiments hay was placed in the mow with as 
low as 20 percent and as high as 58.7 percent of moisture. The de-
gree of heating was not found to be direotly proportional to the 
moisture content of the hay. Hay with below 30 percent of moisture 
ordinarily may be considered safe from heating to a destructive or 
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dangerous degree. Hay with less than 27 percent of moisture may 
be expected to retain its green color. 
The hay generally heats immediately on being mowed, then c(:,!Ols; 
this is followed by a second heating period in which the highest 
temperature is usually reached in 8 to 10 days af.ter mowing, after 
which the hay cools gradually. 
The amount of carbon dioxide presenL in the mow, is a fair in-
dication of the degree of heating of the hay . . The accumulation of 
carbon dioxide in the presence of moist, hot material results in a 
transformation of the chlorophyll, accompanied by a change in color 
from green to brown. . 
The green color of hay was usually destroyed when the heating 
exceeded 50°C. Clean, brown hay is formed at temperatures above 
55°C. and below 70 °C. In general, moldy, grayish-brown hay re-
sults when hay heats to between 40 and 50°C. during the storage 
period. 
Clean, brown hay is formed by heating quickly to 55°C., while 
if the heating is prolonged at 50° C. or less and later heats to above 
55°C., the hay is "dusty." 
The value of salting hay in the mow was tested eight times, with 
a distinctly beneficial effect once, slightly beneficial once and appar-
ently no benefit in six trials. 
When hay baled from the field with 23 percent of moisture was 
carefully stored, there was no detrimental heating. 
Curing and Storage of 
Alfalfa Hay 1 
By E. R. HENSON" 
Approximately 75 million acres of "land are devoted annualiy 
to the production of hay in the United States. It is one of the three 
leading crops in acreage in 43 states and ranks fourth in the other 
five. 
The production of good quality alfalfa hay is dependent on the 
selection of a period of favorable weather, on cutting at the right 
stage of . maturity, curing without loss of leaves or damage from 
internal changes and storing when the moisture content is such that 
the hay will retain its color and nutritive value. The time to cut 
hay is not determined by striking changes in the plant such as occur 
with the ripening of the small grain. The degree of curing of the 
hay and the consequent time to place it in storage can only be 
estimated. 
The general rules observed by farmers when making hay are of 
too wide a latitude to insure good quality. In one community the 
moisture content of samples taken from hay being put in the mow 
was found to vary from 17 to 42 percent. 
Hay that is allowed to remain in the field after being fully cured 
soon loses quality. The sun bleaches the hay, may do serious dam-
age to its vitamin content, and in the legume hays there is a serious 
leaf loss. The loss resulting from handling over-cured hay has been 
shown to amount to as much as 20 percent (17). The losses result-
ing from storing under·cured hay also are tremendous. Evidence of 
these losses is the lower feeding value and lower market grade of 
heat·damaged hay. Since most of these losses occur on the farm and 
are not officially reported, it is not possible to estimate the total loss. 
The known losses from this source are those that interfere with the 
marketing of the hay and the extreme cases that result in "spon-
taneous combustion" with the loss of both the hay and the barn by 
fire (10), (24). 
The purpose of this publication is to present the results from 
experimental work on methods of curing and storing hay and to 
suggest applications of the results. The work is by no means corn· 
plete. Many important problems remain to be solved before the 
'Project 157 of the Iowa Agricultural Experiment Station. A complete statement 
of the work on hay curing and storage by the author, incorporated in a thesis entitled 
"Certain Physiological Factors Involved in the Curing and Storage of Hay," offered 
in partial fulfillment of requirements for the degree of doctor of philosophy, is on file 
in the Iowa State College Library. 
"The writer is indebted to Professors H. D. Hughes and F. S. Wilkins for their 
help in planning and carrying through the investigations and to the former for his 
help in the preparation of the manuscript; also to Dr. A. L. Bakke, especially for 
assistance on the physiology phases of the research. 
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making and storage of hay can be free of the disastrous uncertainties 
now evident. 
REVIEW OF PREVIOUS WORK 
Much of the literature on the curing and storage of hay is of a 
popular nature with but little direct experimental evidence. The 
literature may be grouped briefly under the following heads: (a) 
General rules of procedure in curing; (b) function of the leaf in 
curing; (c) comparison of methods of curing; (d) theories about 
the cause of heating; (e) conditions under which spontaneous fires 
occur; (f) the influence of heating on the feeding value; (g) salt 
as a preservative. 
GENERAL RULES OF PROCEDURE IN HAY CURING 
The general recommendations regarding the curing of legume 
hays vary with the section of the country. The majority of eastern 
writers quote Brooks (7) and favor late afternoon cuttings, handling 
the hay as little as possible, raking and, with good weather, cocking 
in the afternoon of the second day. In the midwest Adams (1), in 
connection with the "Dain System," has been an earnest advocate of 
raking immediately after cutting in order to keep the leaves alive in 
the windrows, on the assumption that they may continue to function 
in removing water from the stems of the plants. 
Several writers urge cutting hay in the afternoon. They have ob-
served that the plants were partially wilted in the field in the after-
noon and have believed that afternoon cutting was advisable because 
a part of the excess moisture had already been lost. Livingston and 
Brown (37), Maximov (40), Kiesselbach and Anderson (34), and 
Bakke and Henson (3) report results of studies on variations in the 
moisture content of the plant. 
FUNCTION OF THE LEAF IN CURING HAY 
Wallace (73) was apparently the first to stress the value of 
keeping the leaves alive for rapid withdrawal of moisture from the 
stems of leguminous hay plants. Rather (61), Cox (16), Wing (77), 
Pieters (56), Waldron (72) , McClure (41,43), Roberts and Kin-
ney (63), Mohler (52), Carrier (13), and Stewart (66) have like-
wise stressed this function of the leaf. Piper (57) first questioned 
the truth of this idea. 
Willard (75, 76), Westover (74), Kiesselbach and Anderson 
(34, 35) and Higgins (25) have recently studied the leaf functions 
in curing hay and generally-agree that the leaves do not draw mois-
ture from the stems of curing alfalfa plants. Willard (75) found, 
however, that soybean leaves do have a tendency to dry the stems. 
Higgins (25) indicated a tendency for the leaves to dry the stems 
in soybeans and in sweet clover. 
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THE BEHAVIOR OF THE STOMATA DURING THE CURING OF THE PLANT 
Loftfield (39) found that under normal growing conditions the 
stomata are closed at 7 to 8 p. m., open slightly at 11 p. m. and from 
3 to 4 a. m. start a gradual opening which is completed about 7 a. m. 
Often the stomata close or partially close at 10 to 11 a. m. and open 
again at 1 to 2 p. m., then are gradually closing until 7 to 8 p. m. 
Work by Brown and Escombe (8) and Lloyd (38, p. 26) suggests 
that the increased rate of diffusion through the narrower openings 
of partially closed stomata may compensate for the restricted area 
and make water loss from the partially wilted plant as great as when 
the plant is not wilted and the stomata are open. Darwin (18) in~ 
fers that the stomata that closed when the plant was cut, opened in 
the first 10 minutes then gradually closed again. Lloyd (38) meas· 
ured the pores of the stomata immediately after the plant was cut 
and found that they gradually closed during the first 15 minutes 
after the plant was cut and had no tendency to open as described 
by Darwin. 
COMPARISON OF METHODS OF CURING HAY 
The usual methods of sampling green material have been used 
and described by Arny (2), McRostie and Hamilton (49), Vinall 
and McKee (71), McKee (48), and Odland and Garber (53). McKee 
(48) tested the rate of drying of hay piled on canvas to represent 
field methods of curing. These lots of hay were weighed at intervals 
and the loss in weight used to calculate the moisture content of the 
hay. Kiesselbach and Anderson (34) placed tarlatan bags of hay 
in the windrow and swath and by weighing these bags at intervals 
were able to approximate the moisture content of the hay in the 
field. 
Kiesselbach and Anderson (34, 35) reported the number of hours 
required to reduce the moisture content of alfalfa hay to 30 percent 
as follows: Swath-cured throughout, 27 hours; windrow-cured 
throughout, 65 hours; cock-cured throughout, 102 hours; swath-
cured until beginning to wilt, then windrow-cured, 50 hours; swath-
cured until well wilted, then windrow-cured, 53 hours; swath-cured 
until two-thirds cured, then windrow-cured, 44 hours; swath-cured 
until beginning to wilt, then cocked, 45 hours. These investigators 
also determined the percentage of the crop material lost when using 
different methods of curing hay. The percentage of dry matter re-
covered was: For completely swath-cured, 86.1 percent; completely 
windrow-cured, 97.6 percent; swath-cured until well wilted, then 
windrow-cured for the remainder, 96.8 percent; cock-cured through-
out, 96.3 percent. 
Higgins (25) reports losses of 25.3 percent for hay dried in the 
swath in the sun, 20.7 percent in the swath in the shade, 22.6 percent 
in the windrow not turned, 22.3 percent in the windrow turned and 
16_6 percent in the cock. Higgins found no appreciable difference 
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in the composition of hay dried rapidly in an oven, rapidly in the 
sun or slowly in the shade. 
Kenney (33) found a loss of leaves varying from 6 to 48 percent 
with an average loss of 12.43 percent in 41 lots of alfalfa cured in 
Kansas. Salmon et al. (64) found that as an average of four matur· 
ity stages, 19 percent of the leaves (9.2 percent of the dry matter of 
the hay) were lost during the harvesting operations. 
Headden (23) has reported that the protein content of alfalfa 
hay, exposed to 1.76 inches of rain during a period of 15 days when 
the weather was warm and humid, was reduced from 18.71 to 11.01 
percent. Shuey (65) reported that alfalfa lost 12 percent of its dry 
matter in field·curing in good weather and 22.8 percent when ex-
posed to a rain. Swanson (68) · has reported approximately 2 per-
cent higher protein content, 2 percent higher carbohydrate content, 
1 percent higher ash content and a 5 percent lower crude fiber con-
tent for hay cured without exposure to the weather than for hay 
exposed to 2 days of wet weather. 
Guilbert et al. (20) after artificially leaching burr clover and 
several grass hays analyzed them and compared them with unleached 
material. There was a loss of phosphorus, a loss of from 6 to 35 
percent of the nitrogen-free extract, and a loss of from 1 to 18 per-
cent of the protein, while ether extract and crude fiber were not 
decreased. 
THEORIES ABOUT THE CAUSE OF HEATING IN HAY 
Hildebrandt (27) and Browne (9) have made available an inter-
esting review of ancient observations regarding the heating of plant 
material. Cohn (15) demonstrated two periods of heat generation 
in barley. The first heating, which tended to stop at about 40°C., 
he credited to the respiration of the living plant cells. After the first 
heating, a second period of heat evolution carried the mass to 65 ° C. 
This second period he credited to the development of thermophilic 
microorganisms. Miehe (50) has expressed much the same opinion 
as Cohn and has demonstrated the heating of hay when inoculated 
with specific bacteria and fungi. No heating was observed in sterile 
hay. James et al. (32) have demonstrated microbial thermogenesis 
in various products. Hildebrandt (27) believes microorganisms 
are responsible for the heating of hay. Holdefleiss (28) and Laup-
per (36) likewise believe that microorganisms have the ability to 
produce high temperatures. Browne (9) believes that microorgan-
isms are responsible for heating only insofar as they produce un-
saturated, highly unstable, intermediate fermentation products on 
the surfaces of the porous cellular material. Laupper (36) and 
Tschirch (70) reported that the first heating period, up to about 
45 °C., was due to the living cells of the plants. 
Browne (9), Hildebrandt (27) and many others do not believe 
that the respiration of the living plant cells raises the temperature 
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of the material. According to Maximov (40) the cells of many 
plants die when the moisture content is reduced. Haldane and Mak-
gill (21) have suggested that the first period of heating is due to 
chemical oxidation. Bond (6) has stated that hay must be placed in 
the mow before the cells are dead, or it will not sweat properly. 
Hilbrig (26) has reported the death of cells of rye plants when 
they were exposed to a temperature of 40 and 45°C. 
Laupper (36) advanced the theory that heating and ignition due 
to pyrophoric substances causes ignition of nitrate material present 
in the hay. Ranke (60) has suggested that pyrophoric carbon, by 
the absorption of gases on its surface, results in fire when oxygen 
of the air is available. 
Tschirch (70) has expressed the belief that enzymatic reduction 
processes cause heating of hay. The first step in the heating involves 
oxygen consumption and is stopped by a lack of oxygen. At this 
point the reductases attack the oxygen-bearing organic compounds 
and this finally results in an accumulation of molecular oxygen 
which leads to an explosion. Burri (11) has modified the view of 
Tschirch to include heat-resisting enzymes and to exclude the forma-
tion of molecular oxygen. He states that the final heating and igni-
tion are due purely to chemical changes. Hildebrandt (27) carried 
on investigations which led him to believe that enzymes have very 
little to do with heating and that without microorganisms heating is 
impossible. 
Browne (9) has suggested that the microorganisms produce un-
saturated, unstable compounds that are immediately and harmlessly 
oxidized in small or open heaps of material, but in large masses 
the air supply is reduced and the oxidation is checked, so that these 
compounds accumulate and are slowly oxidized with an accompany-
ing increase in temperature until ignition results. 
Haldane and Makgill (21) indicate that heating is due at first 
to chemical oxidation, followed or aided by molds, then by bacteria 
and finally by pure chemical oxidation up to the point of ignition. 
The microorganisms form unsaturated fermentation products that 
induce an increased oxygen absorption. 
Boekhout and DeVries (5) have suggested that microorganisms 
play no part in the heating of hay, and they attribute the entire heat-
ing process to chemical oxidation. The iron in the material acts as 
a catalyzer and stimulates oxidation. 
THE CONDITIONS UNDER WHICH "SPONTANEOUS FIRES" OCCUR 
The moisture content of the hay seems to be a vital factor in the 
heating of hay. McClure (46) has reported taking samples of sup-
posedly cured hay from farmers' barns as the hay was being stored 
that contained from 15.1 to 33.1 percent moisture. Truninger (69) 
found a variation in moisture content of supposedly cured hay from 
20 percent to 39 percent. 
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The relation between the amount of moisture in the hay and the 
degree of heating may vary widely and is apparently influenced by 
a number of factors. Miehe (50) has reported that hay with 31.4 
percent moisture when tramped very solid heated to 68.5°C. then 
cooled. The hay when cured was brown. He states that hay with 
36 percent moisture may result in spontaneous heating, while hay 
with 30 percent moisture can be expected to cure out satisfactorily. 
James et a1. (30) found the moisture content of a heap of stable 
manure to be 3.7 percent adjacent to a glowing area while 2 feet 
away the moisture content was 30.2 percent in a badly charred area 
and 66 percent in un charred material. Truninger (69) stacked un· 
evenly cured hay with 40.1 percent moisture. It heated to 80°C. 
and had black hay in the center surrounded by a layer of brown 
moldy hay and a layer of grayish green moldy hay. Outside of this 
was a layer of yellow-green hay and on the outside of the stack a 
yellowish bleached layer of hay. Truninger states that when hay 
heats to or above 80° C. there is grave danger of fire. He reports a 
case of spontaneous ignition that destroyed a stack of supposedly 
well cured hay 10 days after the stack was made. 
Ranke (60) described a case of spontaneous heating and igni-
tion in hay. Twenty-two and a half tons of apparently well cured 
hay were put in the mow in one large pile on Aug. 10. On Oct. 17 
a burnt odor was noticed, and observers decided to remove the hay. 
The hay in the upper part of the mow was a normal green in color, 
with drops of water hanging on the stems. The hay underneath was 
dry and hot. At a depth of 5 feet l:\everal sparks were seen. The hay 
at this point was a dark brown in color. From this point on every 
forkful of hay began to glow as soon as it was removed, although 
the stack was being drenched with water. The hay, spread out on 
the grass to dry, re-ignited repeatedly. Gas was being evolved so 
rapidly that workmen could not remain near the bulk material for 
more than ,2 minutes. A similar case has been reported to the 
author from a barn fire in western Iowa. 
James et al. (30) have described a case of spontaneous ignition 
in a heap of stable manure at Arlington Farm, Virginia. In this 
case the actual heating centered within 6 inches of the outside. The 
temperature at or near the heating center was found to be 167°C., 
while at a distance of 3 inches the temperature was only 80° C. 
Some of the material from a heating center was spread out on the 
ground and in about a minute was glowing. 
James and Price (31) have described the conditions under which 
a hay barn was burned in a flood district in Vermont from spon-
taneous ignjtion. The flood waters covered the hay to a depth of 17 
feet. On Nov. 5, 24 hours after the waters receded, the barn burned, 
although it still stood in 3 feet of water. 
Laupper (36) has observed many cases of spontaneous ignition 
and describes the development of the heating center. He has re-
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ported that the seat of the heating is a very limited "hot pocket." 
This pocket is covered with a dense mass of material, due to the 
condensation of moisture and the subsequent softening of the ma-
teriaL This material is cemented together by soluble carbohydrates, 
pectins, gums and albuminous materials, until it is an excellent in-
sulator for the "hot pocket_" At l70 ° e. explosion due to the mix-
ture of ammonium nitrate and carbonaceous material may occur, 
and at 280° C_ pyrophoric iron will ignite the materiaL Smoke chan-
nels radiate out from this heating center, and ignition usually occurs 
when one of these channels breaks through to the outside, letting 
air in to the heated mass_ 
THE FEEDING VALUE OF OVER-HEATED HAY 
Truninger (69) found that heavily browned hay had lost 19.7 
percent of its nitrogen-free extract, had increased 13.5 percent in 
raw fiber and had lost 6.5 percent of its digestible protein. Grase-
mann (19) has stated that the protein of hay is rendered indigestible 
in proportion to the degree of over-heating. He found by chemical 
extraction that 73.8 percent of the protein in normal hay was digest-
ible, 45.1 percent in the medium brown hay and only 13.2 percent 
in the greatly over-heated hay. He fed these three types of hay to 
dairy animals and confirmed the results of the chemical test. Ani-
mals ate more of the brown hay, and this tended to mask its lower 
feeding value. Bond (6) has reported that over-heating hay may 
cause a loss of 30 percent of the valuable materials of the hay. 
Bethke and Kick (4) found that alfalfa exposed to the sun 
showed a marked decrease in vitamin A. At the Kansas Agricul-
tural Experiment Station (12), green hay was more efficient in the 
production of milk and butterfat than brown hay. 
SALT AS A PRESERVATIVE FOR HAY 
By means of a survey Hartwig (22) found that 60 to 65 percent 
of the farmers in New York used salt on at least part of their hay. 
Experimental work reported indicated that hay ranging in moisture 
content from 20 to as high as 40 percent moisture was not benefited 
by salting. Truninger (69) stated that salt has little value but has 
recommended the use of I percent of salt on insufficiently dried hay. 
Hildebrandt (27) advised the use of salt on hay. In one comparison 
that he made, moistened hay to which salt was applied heated to 
43 °e., while that not salted heated to 63.5 °e. 
Stuart and James (67) have reported laboratory tests of the ef-
fect of salt on the microbial heating of alfalfa hay. When I percent 
of salt was added to hay in Dewar flasks the hay did not start to 
heat so soon as hay to which no salt had been added, and when 2 
percent of salt was added, heating did not start so soon as when 
I percent was added. They found that the degree of heating varied 
inversely with the quantity of moisture present. The salt checked 
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hacterial growth and delayed but did not inhibit mold development. 
These writers give a brief review of the literature regarding salt as 
a preservative for hay. 
EXPERIMENTAL WORK ON FIELD CURING 
At the Iowa Agricultural Experiment Station, the experimental 
work on methods of curing hay has been confined to alfalfa. This 
crop is more susceptible to injury either from under or over-curing 
than are grass-mixed hays. Alfalfa is generally recognized as reo 
quiring considerable care if the best quality of hay is to be produced. 
An 8-acre field was seeded to northern grown variegated alfalfa 
in the fall of 1926 for use in the study of methods of curing hay. 
An excellent stand was obtained in all except a small corner of the 
field. This was reseeded in the spring with excellent results so that 
after 1927, a uniform 8-acre field of alfalfa was available for this 
study. 
Experimental evidence has been gathered on the following phases 
of hay curing: (a) The time of day to cut alfalfa; (b) the function 
of alfalfa leaves during the curing process; (c) experimental meth-
ods of curing; (d) factors influencing the quality of hay. 
THE TIME OF DAY TO CUT ALFALFA 
The moisture content of alfalfa in the field was determined hour-
ly from 8 a. m. to 8 p. m. on certain days in July and August, 1928. 
Triplicate I-pound samples were cut and weighed immediately, taken 
to the laboratory, dried, weighed and ground, then the remaining 
moisture was determined by oven drying. The average moisture con-
tent of the three samples for each hour of the day is given in table 1. 
The experiment was repeated on 4 different days. On July 19, 
the plants were young, just beginning to flower; on Aug. 5 they were 
about one-third in bloom; and on Aug. 20 and 21, one-half in 

























AMES. IOWA. 1028. 
Moisture content of the alfalfa plant and hourly temperature 
July 19 I Aug. 6 I Aug. 20 I Aug. 21 
moisture I moisture -I Temp_ IIiiOisture I Temp. I-moisture 
percent I percent F. I percent F. percent 
78.2 I 74.3 75 I 73.0 I 68 74.0 
77.7 _ 73.5 76 73.0 71 73.8 
77.0 I 72.6 78 72.6 72 73.8 
75.9 71.8 78 72.0 75 73.2 
76.3 72.2 79 71.6 75 71.5 
77.0 73.5 80 72.0 77 71.2 
76.9 I 72.6 I 81 72.0 78 I 70.2 76.0 72.9 84 72.5 79 70.0 76.4 72.5 I 85 72.4 79 71.0 
76.5 72.7 87 73.2 77 72.3 
76.2 72.6 86 73.6 78 73.6 
75.8 72.8 80 74.0 75 72.8 
77.0 73.6 73 74.2 73 73.4 
74 46 
_ _ _ L , 
~- -- -




bloom. The hourly temperatures and the humidity were high. A 
light rain fell during the night of Aug. 20. On Aug. 21, a high 
temperature and low humidity with a good breeze provided good dry. 
ing conditions. 
The difference in moisture content of the alfalfa plants at vari· 
ous times of the day, which represents both loss of water and gain 
in photosynthate, is not an important factor in determining the time 
of day to cut the hay. These data agree very well with those ob· 
tained by Kiesselbach and Anderson (34). The low point in the 
moisture content of the plant did not occur in their studies until 3 
or 4 p. m., yet in practically every case, the moisfure content at 11 
or 12 was lower than at 1 or 2 in the afternoon. 
The time of cutting of other plants for hay may be influenced 
by partial wilting in the afternoon. The extremely large difference 
observed by Maximov (50) , Livingston and Brown (37) and others 
between the high and low moisture contents in a 24-hour period. 
indicate that, for certain conditions and certain plants other than 
alfalfa, the best time of day to cut hay may be determined by the 
time of the lowest moisture content. These workers have shown 
differences of as much as 30 to 40 percent between the low and the 
. high moisture content of the leaves of the same plant in a 24-hour 
period. 
THE FUNCTION OF ALFALFA LEAVES DURING THE CURING PROCESS 
The supposed function of the leaves in removing water from 
the stem of the alfalfa plant was studied briefly. Six trays were 
made of screen wire and about 20 plants placed on each. On three 
trays, the plants were left whole. On the other three, the leaves were 
clipped from the stems and distributed about the stems in as nearly 
their normal position as possible. The trays were weighed at regular 
intervals and were exposed in three positions, a whole and a clipped 
tray together. The results of this experiment are given in table 2. 
TABLE 2. PERCENT OF MOISTURE AT STATED TIMES DURING THE CURING 
-
PERIOD IN WHOLE ALFALFA PLANTS AND IN PLANTS WITH 
THE LEAVES CUT FROM THE STEMS. 
T'-O=-n--=-ta"'"b"le'I'n-'l·ab' .--;,--oOn window ledge I In the sun \
' Moisture content (percent) 
Date Hour \ Whole I Leave. I Whole \- Leave. \ Whole \ Leaves 
plant. cut off plant. cut off plant. cut off 
June 6 
I 
8 I 73.22 73.22 73.22 73.22 73.22 73.22 11 67 .3 68.6 69.3 67.3 63.0 62.6 3 58 .6 60.0 5S .3 59.6 48.3 47.3 
I 5 I 55.3 56.0 54. 2 56. 3 43.6 43.0 I 
June 7 8 55. 6 &3.3 52. 3 51.6 40. 3 42.0 
11 52.6 51.3 52.0 50.3 31.6 34.6 
3 43.3 
I 
41.3 39.6 42.3 20.0 23.3 
5 41.6 38.0 t 37.6" I 18.6 19.0 




43. (} 38.6' I 20.3 20.6 11 37.3 38.6 I 36.3" 15.6 14.3 3 29.6 31.6 I 29.3" 12.6 14.3 
*Only one sample. 
tBoth samples destroyed. 
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Plants with the leaves dipped off dried as rapidly as whole plants. 
An attempt was made to study the effect of clipping the leaves from 
various portions of the plant with the stem left whole. In none of 
these studies did the presence or absence of leaves seem to materially 
influence the moisture content of any portion of the stem. 
In a third test, duplicate sets of portions and parts of the plant 
of known moisture content were exposed in the sun and in the shade 
and weighed at regular intervals. The moisture content at each 
weighing was calculated from the loss in weight. For this study 
each of the sets contained a sample of the entire plant, bottom stems, 
bottom leaves, t01> stems and top leaves. 
The sun-cured plants dried much too fast for differences in rate 
to be distinct. Weighings should have been made at 10 to 15 minute 
intervals instead of hourly. The bottom leaves dried most rapidly, 
followed by top leaves, top stems, bottom stems and the whole 
plant. The shade-cured material dried in the following order: bot-
tom leaves, top leaves, whole plant, bottom stems and top stems. If 
the leaves were a vital factor in the extraction of the water from 
the stems, one would expect the whole plant to be consistently drier, 
not only drier than the stems alone but drier than the stems and 
leaves averaged together. 
STOMATAL BEHAVIOR OF LEAVES DURING THE CURING PROCESS 
It was thought that something of the function of the leaf in cur-
ing might be learned from the behavior of the stomata while the 
plant was curing. Lloyd's (38) method was used in which a small 
section of the epidermis was stripped from the leaf and the stomata 
fixed by plunging the stripped portion into absolute alcohol. 
A large number of plants were cut and the stomatal observations 
made at intervals during the drying process, some on plants in the 
sun and some on plants in the shade. 
In general the stomata, when partially open on the living plant, 
closed in a very short time after the plant was cut. There was some 
variation among plants in the time of closing, and the different leaves 
of the same plant also varied. In one case, all of the stomata on the 
sections observed were closed 20 minutes after the plant was cut, 
and in another the majority were closed in 15 minutes. The re-open-
ing of the stomata, after they had closed following cutting, was not 
definite as to time. The behavior of the stomata of an individual 
plant, somewhat typical of those observed, is given below. 
The stomata on the growing plant in the field were wide open at 
9 a. m. The day was warm, with a moderately low relative humidity. 
Ten minutes after cutting most of the stomata were closed. A few 
stomata showed a slight degree of opening. The number of par-
tially opened stomata increased slowly until 120 minutes after cut-
ting. At this time the majority of the stomata were partially opened 
with a few classed as one-half open. Later observations revealed no 
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striking changes. A large number of stomata did not open at all 
once having closed. 
METHODS AND MATERIALS FOR STUDYING THE RATE OF CURING 
The usual method of determining the moisture content or the 
degree of curing in experimental work is by taking shrinkage samples 
of the material. Three bags varying in size from about 5 pounds of 
fresh cut hay to 2 pounds of cured hay usually are used. These are 
weighed immediately, dried out completely and reweighed. Often 
the material is air-dried, weighed, then ground and representative 
samples completely dried in an oven. The original moisture content 
is determined from the loss in weight. 
It is evident that considerable time must elapse from the time 
of sampling until the moisture content can be known. This delay 
renders the use of such methods impractical where the next field 
operation in handling the material is to be introduced at a particular 
stage in the curing or drying process. In experimental studies on 
methods of curing and storing hay at the Iowa Agricultural Experi-
ment Station, it was necessary that the moisture content of the alfalfa 
hay be known continuously during the curing process, in order that 
subsequent operations could be initiated at the proper time and that 
hay could be placed in storage with a definite moisture content. 
After considerable preliminary work a weighing device was con-
structed that enabled the operator to weigh at intervals large samples 
of the same size without changing the normal exposure of the sam-
ples. The moisture content of the hay was determined by calculating 
Fig. 1. The field-sample weighing device in action. 
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the loss in weight from a known moisture content at the time of cut-
ting. This device made it possible to arrive at a satisfactory ap-
proximation of the moisture content of the hay at any time during 
the curing process. 
The device used for most of the work was a rack or frame 10 
feet long with teeth long enough to slide under and lift two mower 
swaths of hay at a time. The teeth were of fir 1% inches at the 
base and tapered somewhat toward the outer end. The teeth were 
spaced 8 inches apart and bolted solidly to a 2x2-inch piece at the 
base, which made a huge, comb-like frame. Before lifting the rack 
and hay, a 1x5-inch board 10 feet long was placed under the outer 
end of the teeth. The two outside teeth had holes in them near the 
end and these were slipped over studs in the ends of the 1x5-inch 
piece. Further details of the construction can be seen in fig. 1, to-
gether with the hoist, harness and scales_ 
A second weighing device of the same general type was con-
structed, on a smaller scale, in order that one man might operate it 
and record the weights. It has a rigid frame and rigid teeth 5 feet 
long. This device is lifted by means of a strap iron bar connected 
solidly with the back piece of the frame and bent over the load. 
Notches in the lower side of the bar allow the adjustment of the 
scale to balance the load. A two-legged rest and a lever across the 
top with the scale on one end enables one man to lift the rack and 
read the weight on the scale. This device will weigh a 5-foot section 
of swath or windrow. Ordinary milk scales may be used for the 
weighing. 
The use of these weighing devices involves either an actual mois-
ture determination at the time the hay is cut or an estimate based 
on previous determination. The usual procedure adopted for these 
studies was to determine the moisture content of representative 
samples prior to the day of cutting. With this information available, 
the moisture content was estimated on the day of cutting with suffi-
cient accuracy for the early part of the curing work, though actual 
determinations were also made at the time of cutting. The weights 
used in the experimental data presented are based on the actual 
moisture content. 
Three areas of hay were weighed at the start of the cutting and 
another set of three at the end of the cutting. The loss in weight of 
these areas, as shown by weighing them at intervals throughout the 
period of curing, gave rather accurate estimates of the degree of 
curing of the hay at any time and a close determination of the 
"one-fourth," "one-half" and "three-fourths" and "cured" stages. 
(See fig. 3.) At each of these stages various methods of raking, ted-
ding, windrowing, turning, cocking and baling were used. As soon 
as the cutting was completed part of the hay was windrowed. Areas 
were weighed in these windrows, and by subsequent weighings of 
these areas the moisture content of the windrowed hay could be 
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known at any time, and comparisons of the rates of curing in swaths, 
windrows or cocks could be made. 
The use of the rack was checked by the following procedure. Hay 
was cut and a portion windrowed at once. These areas were weighed 
immediately in both the swath and the windrow, then three 5-pound 
shrinkage samples taken from each. The weighings and the taking 
of shrinkage samples were repeated every 2 hours during the time 
the hay was curing. The results of these comparisons are given in 
table 3. They indicate that the weighing device gives a more uniform 
picture of the condition of the hay than is secured from shrinkage 
samples. 
The stages " one-fourth," "one-half" and " three-fourths" cured 
refer to the percentage of moisture in the hay. Hay having 70 per-
cent of moisture when cut is considered one-fourth field-cured when 
it has 60 percent moisture, one-half cured when it has 50 percent 
and three-fourths cured when it has 4.0 percent. Field-cured hay is 
assumed to have a maximum of 30 percent moisture. 
COMPARISONS OF DIFFERENT METHODS OF FIELD CURING 
The results obtained from four repetitions of the field curing 
comparisons as obtained are shown graphically in figs. 2, 3, 4, 5 
and 6. Subsequent tests were made to verify the trends shown, al-
though all phases were not carried out in the same detail. Points on 
the line of the graph represent the moisture of the hay at the time 
given, as calculated by the use of the weighing device and verified 
by the use of shrinkage samples. 
TABLE 3. PERCENTAGE OF MOISTURE OF ALFALFA HAY AS ESTIMATED 
FROM WEIGHED AREAS COMPARED WITH DETERMINATIONS 





I ? 62.5 
2 57.0 
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Fig. 2. Percentage of moisture in alfalfa hay when cured entirely in the windrow, 
in the swath, in small cocks or in medium sized cocks. Four series, A, B, C and D. 
(The breaks in the lines represent an overnight period.) 
RELATIVE RATES OF CURING IN WINDROW, SWATH AND COCK 
In all comparisons between the methods of full swath-curing 
and full windrow· curing, the hay cured out most rapidly in the 
swath. Figure 2 shows the rates of curing of four series. The spread 
in time between the two methods in reaching a field-cured condition 
may be noted. The slower curing periods tend to increase the time 
between swath and windrow-curing, although in each of two rapid 
curing series not shown, the swath-cured hay was ready to store in 
the afternoon, and the windrow-cured was not ready until the next 
morning. 
Although the small cocks lost moisture somewhat more rapidly 
than the medium cocks, they were much slower than the windrow-
cured hay. The small cocks made one large forkful of cured hay. 
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Fig. 3. The percentage of moisture in alfalfa hay when cured entirely in the 
windrow arid with one-fourth. one-half and three-fourths swath-.curing before placing 
in the windrow. Four series. A. B. C and D. (The breaks in the lines represent an 
overnight period.) 
PARTIAL SWATH THEN WINDROW·CURING COMPARED WITH FULL WINDROW·CURING 
The speed of full windrow-curing compared with partial swath-
curing followed by windrow-curing was tested in each of four series. 
(Fig. 3.) In series A and C, two swaths 100 yards long were wind-
rowed as soon as they were cut, two when the hay in the swath was 
one-fourth cured, two when it was one-half cured and two when the 
hay was three-fourths cured. The hay cured very rapidly both in 
the swath and in the windrow. 
In the B series only the one-fourth and the one-half swath-cured 
methods were included. The hay in the swath started to cure most 
rapidly, but a light rain fell during the first evening. In the D series 
the results are entirely consistent and indicate a marked delay in 
the rate of curing of hay in the windrow in comparison with partial 
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Fig. 4. Percentage of moisture in alfalfa hay when cured entirely in the windrow 
and when cocked in small and medium sized cocks immediately after cutting 0[' after 
partial swath curing. Four series. A. B. C and D. (The breaks in the lines indicate 
overn ight periods.) 
COMPA RI SON OF THE RATE OF CURING IN WINDROWS AND IN COCKS OF VARIOUS SIZES 
In this experiment full windrow-curing was compared with cur· 
ing in small, medium and large cocks. Some hay was cocked just 
after cutting and some left in the swath until one-fourth, one-half 
and three-fourths swath-cured, respectively, and then cocked. The 
cocks were weighed and moisture content determined as in the other 
comparisons. The results of series A, B, C and D agree substantially. 
The large cocks did not cure out satisfactorily and were omitted from 
the larger series. 
Figure 4 indicates rates of curing of the hay under different 
treatments. The results indicate the desirability of delaying cocking 
until the hay is partially cured. Green hay thrown into medium to 
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Fig. 5. Percentage of moisture in alfalfa hay in windrows that were not turned 
compared with those turned at various stages of curing . Four series, A. B. C and D. 
(The br eaks in the lines indicate a n overnight per iod.) 
EFFECT OF TURNING OF WINDROWS ON THE RAPIDITY OF CURING 
The effect of turning the windrow with the tail end of the rake 
was determined in four series of experiments. Three areas were 
weighed in each of two windrows differing in methods of curing only 
in that one was turned with the rake and the other was not turned. 
Windrows were turned when the hay was one-fourth, one-half and 
three-fourths cured, respectively. 
Figure 5 shows the rates of curing in each of the series. Turn-
ing the windrow was of no particular value in hastening the curing 
of the hay. . ". : li [JJI. 
In the D series the effect of turning the windrow also is tested 
with reference to time of turning. Four windrows were made at the 
time of cutting. One was not turned, one was turned when one-fourth 
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HOUQ Of" THE DAY 
Fig. 6. Percentage of moisture in alfalfa hay in the swath when not tedded and 
when tedded at various stages in the ,curing process. Four series. A, B. C and D. 
(The breaks in the lines indicate overnight periods.) 
The comparison does not give any striking advantage in favor of 
turning the windrows. In the one·fourth swath-cured hay, the wind-
row turned at either one-half or three-fourths cured dried slight) y 
more rapidly than the unturned windrows. 
EFFECT OF TEDDING ON THE RATE OF CURING 
The rate of curing was not materially affected by the tedding of 
·the hay. (Fig. 6.) 
FACTORS INFLUENCING THE QUALITY OF HAY 
COLOR 
Notes were taken on the color of the hay resulting from the 
different methods of curing. Five degrees of color were recognized 
with values as follows: I-Excellent, meaning full green color; 
2~good, allowing slight bleaching; 3-medium, allowing consider-
able bleaching; 4-poor, some green color remaining but badly 
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TABLE 4. COLOR ·VALUES OF HAY CURED BY DIFFERENT METHODS. 
Method of curing I Series I Series I Series I Series I A C B D Total. 
July 7 July 8 Aug 22 Aug 23 
Windrowed immediately 2 I 2 3 1 8 
Swath cured completely 3 3 4 2 12 
One-fourth swath cured, windrowed 2 2 2 1 7 
One-half swath cured. windrowed 2 3 2 1 8 
Three-fourths swath cured. windrowed 3 3 3 2 11 
Cocked at once, small .cocks 1 1 2 1 5 
Cocked at once, medium cocks 4 3 3 
One-fourth swath cured, small cocks 1 1 2 
One-fourth swath cured, medium cocks 2 2 
One-half swath cured. small cocks 2 2 2 1 7 
One-half swath cured, medium cocks 1 2 2 2 7 
Three-fourths swath cured, small cocks 3 3 
Three-fourths swath cured, medium cocks 2 2 I 
bleached or heated; 5~no green color-either gray or brown, weath-
ered, molded or heated. 
The standards for classification may have varied somewhat be-
tween series, but in general the values given indicate the relative 
quality of hay that resulted from the different curing methods. The 
COJ9r estimates that were made at the time of the last weighings in 
the field are given in table 4. , . 
In these scorings the best color was obtained in small cocks 
or when the material was windrowed in the earlier stages of curing: 
Full swath-curing resulted in decidedly inferior color. . ' 
LOSS OF LEAVES 
The loss of leaves was determined for three of the series of ex-
periments on methods of curing. The weighing device was used to 
weigh a sequence of areas in the swath, windrow and cocks. These 
TABLE 6. PERCENTAGE OF TOTAL DRY MATTER LOST WHEN HAY WAS 
CURED BY VARIOUS METHODS. 
Method of curing 
Windrowed immediately when cut 
Windrowed, turned when one-fourth cured 
Windrowed, turned when one-half cured 
Windrowed, turned when three-fourths cured 
Swath cured completely 
Swath cured, tedded when one-fourth .cured 
Swath cured, tedded when one-half cured 
Swath cured, tedded when three-fourths cured 
One-fourth swath cured, then windrowed 
One-fourth swath cured, windrowed, turned when 
one-half cured 
One-fourth swath cured, windrowed, turned when 
three-fourths cured 
One-fourth swath cured, tedded, windrowed when 
one-half .cured 
One-fourth swath cured, tedded, windrowed when 
three-foUTths cured 
One-half swath cured, then windrowed 
One-half swath cured, windrowed, turned when 
three-fourths cured 
One-half swath cured, tedded, windrowed when 
three-fourths cured 
Three-fourths ,swath cured, then windrowed 
Cocked ,immediately, small cocks 























































areas were then weighed again when cured. The hay was taken out 
of the windrows with a hay loader equipped with a pan and canvas 
to catch the leaves as the hay was lifted off the ground and elevated 
to the wagon. These leaves were weighed and the percentage of the 
loss calculated. 
Table 5 gives the percentage of the total dry matter lost when the 
hay was cured and handled by different methods. The percentages 
are based on dry weight (water free) of the hay. In the series of 
Aug. 22 and Aug. 23, 1927, amounts of hay varying from 50 to 190 
pounds were taken up by the loader for each determination. The 
determinations of Aug. 15, 1928, were based on weighings of 25 to 
50 pounds of hay each. Hay cured in the swath was taken up with 
a hay loader. 
The leaves did not fall appreciably until the hay was agitated. 
(The agitation incident to weighing in some cases may have resulted 
in an appreciable loss.) The smallest loss of leaves occurred when the 
hay was windrowed immediately after cutting or placed in cocks 
immediately. Hay windrowed immediately and turned when onp-
fourth cured showed a low leaf-loss, as did also hay one-fourth cured 
in the swath and then placed in windrows that were not turned. 
Turning the windrow when the hay was three-fourths cured caused 
a loss of leaves of 1 to 4 percent more of the total hay than did hay 
cured without the windrow being turned. 
The effect on the leaf-loss of turning or not turning the wind-
rows was measured 15 times, of which 11 times showed an appreci-
able increase in loss of leaves resulting from the turning of the 
windrow. 
The tedding of swath-cured hay when it was three-fourths cured 
resulted in an appreciable loss of the total hay as leaves when com-
pared with hay entirely swath-cured without tedding. Fifteen com-
parisons of tedding and not tedding resulted in a greater loss in 13 
cases for the tedded hay and practically the same loss in the , other 
two. " -' 
Table 5 also indicates the severity of the loss under ~oinplete 
swath-curing, one-half swath-curing and three-fourths swath-curing. 
Hay one-fourth swath-cured before windrowing had but slightly 
larger leaf-loss than hay windrowed immediately and not so large a 
loss as that windrowed and turned when three-fourths swath-cured, 
DISCUSSION OF METHODS OF FIELD-CURING 
The use of the weighing device, which made possible a close 
approximation of the moisture content of the curing hay at any 
time, has been of great value in these studies. There is a possibility 
that, with a greater knowledge of the moisture content of hay in the 
field at the ti'me of cutting, the use of such a device as the smaller 
weighing apparatus might be practical for farm use. A simple farm 
method of determining the degree of curing of hay might be of con-
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siderable value to fanners. 
The moisture content of the alfalfa plant growing in the field 
does not vary sufficiently to justify any delay in order to cut the 
crop when it is low in moisture. 
The stomatal study indicates that the stomata of the alfalfa plant 
close in a very short time after the plant is cut. After the stomata 
close they partially open again as the hay loses its moisture. 
The most rapid loss of moisture in the hay plant occurs while 
the stomata are closed. By the time the stomata of the leaf are again 
open the rate of moisture loss is much reduced because of the small er 
quantity f moisture in the plant at that time. 
Hay dries more quickly when left in the swath than when thrown 
immediately into a windrow. The difference is greater in poor than 
in good curing weather. The idea that windrow-curing maintains 
the leaf in a protected living condition is perhaps true. A study of 
the cells of the plant has shown that life remained longer in the 
leaves with the greater moisture content. 
Swath-curing, windrow-curing, cock-curing and various combin-
ations of the three were tried under comparable conditions in these 
studies. The time required, the mechanical loss in curing and the 
color grade were obtained for each method. 
The number of hours between 7 a. m. to 7 p. m. required for 
each method to reduce the moisture content to 30 percent (all 
series combined and averaged) was as follows: 
METHOD HOURS 
1. Swath-cured completely _______ ._. ____________________________________ 17.0 
2. Swath-cured then windrowed _________________________ __________ 17.0 
3. Swath-cured then small cocks _____________________________ ___ ______ 17.0 
4. One-half swath-cured then windrowed ________________________ 17.2 
5. One-half swath-cured then small cocks ____________________ 20.5 
6. One-fourth swath-cured then windrowed ____________________ 21.0 
7. Swath-cured then medium cocks ______________________________ 22.0 
8. Windrowed immediately ________________ ___ _________________________ 23.0 
9. One-half swath-cured then medium cocks ________________ 26.0 
] O. One-fourth swath-cured then small cocks __________________ 31.0 
11. Small cocks made immediately __________________________________ 51.0 
12. One-fourth swath-cured th~n medium cocks ________________ 56.0 
13. Medium cocks made immediately ______________________________ 92.0 
In general, hay cured by the various methods reached the stage 
called field-cured-30 percent moisture- in the same order in each 
of the series, although the difference between the methods was much 
greater in some series than in others. It is evident that for the great-
est speed in curing the hay should be left in the swath. 
The ranking of the methods of curing on the basis of the quality 
or color of the hay produced seems to be almost the reverse of rank 
on the basis of the time required to cure. The cocked hay that did 
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not heat was better from the standpoint of color than either wind-
row-cured or swath-cured hay_ The exposure to a heavy dew or a light 
rain, followed by sunshine, tends to destroy the chlorophylL Next 
to cocking, from the standpoint of color, one-fourth curing before 
windrowing was the best method, followed closely by full windrow-
curing, one-half swath-curing, three-fourths swath-curing and com-
plete swath-curing. 
The cocked hay produced excellent color except in certain cases 
where heating occurred. Medium cocks, made after one-fourth swath-
curing or made immediately after cutting, were inclined to heat. The 
small cocks suffer almost as much damage in rainy weather as wind-
row-cured hay, while with the larger cocks the entire outside layer, 
3 or 4 inches in depth, may become discolored without seriously 
damaging the bulk of the hay. Where hay of good quality can be 
produced by a combination of swath and windrow-curing, cocking 
the hay is not to be recommended. 
The use of the medium sized cock after one-half swath-curing 
produced an excellent quality of hay. If cocking was done before this 
time, the heating of the cock tended to destroy the color. 
Although the time element is favorable for swath-curing, the 
leaf-loss was found to be severe. The leaf-loss was greatest · in the 
extended swath-curing, less in the windrow-cured hay and least in 
the cocked hay. The hay windrowed when one-fourth swath-cured 
had good color, a small leaf-loss and reached the field-cured condi-
tion almost as rapidly as full swath-cured hay. The appearance of 
the hay when one-fourth swath-cured can be described rather defin-
itely as completely wilted hay. The hay at this time is thoroughly 
limp and soft and is not damaged appreciably by raking. With 
further curing, the leaves become crisp and break from the stems 
when raked. 
EXPERIMENTAL WORK ON STORAGE OF HAY 
The studies on storage of hay were planned to obtain specific 
information on the heating of hay in storage; and to determine the 
influence of the moisture content of the hay and the use of salt on 
the intensity of the heating. 
ARE THERE LIVING PLANT CELLS IN CURED HAY? 
The assumption of Miehe (50) and others that. the plant cells 
are alive in curing hay and that the first heating that occurs in the 
stored material is due to the respiration of the living plant cells has 
been questioned. Maximov (40) and others suggested that plant 
cells of vegetative tissues die when deprived of much of their mois-
ture. 
In order to test for the presence of life in the cell, plants and 
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portions of plants were allowed to dry in the sun and in the shade. 
The relative humidity was very low and the temperature relatively 
high when the plants were exposed. Moisture determinations were 
made at intervals, and sections of the stem were cut under water, 
then placed in a moist atmosphere to see if they would recover their 
turgidity. The recovery of turgidity would demonstrate the presence 
of life in the cells. The leaves and stems showed almost complete 
recovery when the moisture content was reduced far below that of 
field-cured hay. 
Additional tests were made in which normal field-cured hay was 
demonstrated to have living cells. The critical point in the lowering 
of the moisture content that results in the death of the cells was not 
determined except to show that normally the material could be re-
duced below 10 percent moisture content and still contain living 
cells. One test indicated that plants that had lost their moisture slow-
ly, requiring 6 days to reach a 10 percent moisture content, had prac-
tically no living cells present. 
HEATING OF HAY IN SMALL CONTAINERS 
Various containers were used in an effort to approximate some 
of the conditions of hay in the mow. 
THERMOS JUGS 
One-gallon thermos jugs were used in several experiments. The 
material could not be packed properly, however, because of the 
small mouth of the jug. Duplicate jugs were filled with chopped 
hay, the jugs of one pair varying from those of other pairs by ap-
proximately 10 percent moisture content. 
The hay used in these tests was good quality, green alfalfa 
chopped in about I-inch lengths. In every case where the hay 
heated, the green color of the hay was destroyed. The hay molded 
rather badly. Heating was limited, due probably to a lack of oxygen. 
On the whole these containers were not satisfactory as factors other 
than the moisture content of the hay seemed to determine heating. 
INSULATED GALVANIZED CANS 
Small 4-gallon cans placed in larger cans and provided with a 
4·inch layer of sawdust insulation were filled with hay. These cans 
were closed tightly with a thermometer inserted through a cotton 
plug and a glass tube provided through which samples of gas could 
be drawn for analysis. 
The first test with these containers was made with fully cured 
hay to which water was added to bring the hay to 30.4 percent, 35.4 
percent, 42.3 percent and 45.6 percent moisture content. At the end 
of 23 days the material with only 30.4 percent of moisture was 
slightly green, while the rest was brown. Hay with 45.6 percent 
moisture heated to 55° C. and developed as much as 8 percent carbon 
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dioxide. Hay with 42.3 and 35.4, percent moisture hea-ted as much 
as the hay with 45.6 percent moisture but the carbon dioxide pro· 
duced was not higher at any time than 2.5 percent. Hay with 30.4 
percent moisture heated only to 48° C., and its highest carbon dioxide 
reading was 0.5 percent. 
BOXES 
Another exploratory test was made in which chopped hay with 
58.6 percent of moisture was placed in upright boxes, each with a 
base of 4 x 4 feet. The bottom of these boxes comprised an air 
chamber above which was a hardware cloth support on which the 
hay was placed. Long stemmed thermometers were used to determine 
the temperatures developed in the hay. 
Each time the hay became heated air was blown into the chamber 
below the hay and forced up through the heating mass. As the air 
was forced in vapors were driven out at the top in a dense cloud. 
At the start of the blowing the temperature rose rapidly for several 
minutes, then gradually lowered. 
The heating was not uniform. At times a difference of 3 inches 
in the material meant a difference of as much as 20"C. in the heat· 
ing. The material in the containers softened and became slimy and 
sticky. When the experiment was discontinued, the material was 
rather uniformly gray in color with an acid odor and considerable 
mold. In spite of the heating and the apparently large amount of 
moisture lost as steam, it was found that the loss of moisture was 
relatively small. At the end of the test, 2 weeks after the start, the 
moisture content had been reduced only from 58.6 to 50.0 percent, 
and the mass was still heating as at the start. After being thoroughly 
cooled the hay would develop a temperature of 50°C. in 10 hours 
time. 
THE STORAGE OF HAY IN EXPERIMENTAL MOWS 
Six experimental mows were used. These were in two sections of 
three mows each, mounted on sled runners to facilitate moving. The 
mows were 5% feet square and 5 feet deep, built of tight fitting 
shiplap. The outside was covered with heavy asphalt roofing paper 
and the inside lined with ordinary black building paper in order 
to reduce any movement of air to the minimum and to approximate 
such conditions for hay storage as might be found in the center of 
a much larger mow. One·half of the roof was hinged and could be 
lifted while the mow was being filled. The hay was well tramped 
and additional pressure applied at the top by the use of a frame 
and an automobile jack. It was not possible, however, with this 
pressure to put in the mow quite as much hay as should have been 
used to make the density of the cured hay equal to that found in a 
large mow. 
Hay was stored on five different dates and the temperatures de· 
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termined at regular intervals by means of a potentiometer and ther-
mo-couples. The temperature readings were made over a period of 
2 months, at 2 hour intervals at first but with increasingly longer 
intervals until only daily readings were made toward the end of the 
storage period. In all cases where salting was compared with hay 
not salted two of the mows were filled with hay of uniform moisture 
content, one of which was salted at the desired rate and the other 
not salted. 
MOWING STUDIES IN 1928 
ALFALFA 
Two of the mows were filled on June 26 and the others a few days 
later. The temperatures developed in the mows for the duration of 
the experiment are given in table 6. Only enough of the temperature 
readings are recorded here to show the course of the heating. The 
data show that the hay heated immediately after mowing, then cooled 
for a brief period only to heat again for a longer period. 
TABLE 6. DAILY TEMPERATURES DEVELOPED IN SIX EXPERIMENTAL 
MOWS FILLED WITH ALFALFA HAY CONTAINING DIFFERENT 




















































MOW1ITMow III I Mow IV I Mow V I Mow VI 
38.78 I 32.19 25.89 25.89 20.21 
Degrees Centigrade 
54 Salted 





49 37 34 22 
45 20 29 26 18 
47 24 24 22 21 
45 26 26 2(} 18 
47 31 23 23 24 
48 32 35 25 23 
48 37 42 23 :M 
43 30 39 22 22 
42 30 38 21 21 
44 26 39 23 20 
45 26 35 20 20 
33 19 28 18 18 
35 22 35 22 24 
32 19 27 21 23 
33 13 22 13 I 9 
25 
I 
13 17 9 I 10 
I 
24 14 15 17 I 16 
30 20 20 20 I 20 
SWEET CLOVER 
In the late fall of 1928, a first year's growth of sweet clover was 
cut and stored in the experimental mows. Air temperatures were 
quite low during the period of the experiment. Mows I and II were 
filled with uncured hay having a moisture content of 55.2 percent. 
Mow II was salted at the rate .of 1 percent salt, while mow I was not 
salted. Mow III was filled with well cured hay, while mows IV, V 
and VI were filled with over-cured hay. Salt was added to mow V. 
The temperatures in mows I and II rose rapidly and continuously 
to a high point of 55 ° C. on the fifth day, after which the temper-
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atures of both mows dropped steadily until a reading of 1°C. was 
obtained on the seventeenth day. The hay was brown and moldy at 
the end of the test with no appreciable difference between Fqe salted 
and unsalted mows. In mows III, IV, V and VI the temperature rose 
to about 22 °C. on the sixth day after mowing, then fell · to about 
1° C. The hay in all four mows was green and of good quality. No 
effect that could be attributed to the salting in mows V and VI was 
observed. 
MOWING STUDIES IN 1929 
The hay for these tests was cut on June 22, and the filling of the 
mows began on June 23, with hay showing moisture contents as fol-
lows: Mow I, 58.29 percent; mow 11,34.82 percent; mow III, 36.87 
percent; mows V and VI, 38.00 percent. Temperatures were read 
near the top, middle and bottom of mows I and II and about one-
third from the top and one-third from the bottom in mows III, V 
and VI. Temperatures were read every 2 hours. Only the center 
reading in mows I and II and the bottom reading in mows III, V 
and VI, all taken at 8 a. m., are indicated in fig. 7. Mow I pro-
duced a very dark hay, although it would not be classed as black 
hay. There were certain small, almost charred areas which were 
indicative of intensive and uneven heating. In the early part of the 
experiment, the temperature in the bottom of the mow was higher 
than that in the top. The highest ,temperature recorded at any time 
was 83°C. in the bottom of mow I on the evening of the fourth day. 
In mow II the hay produced was clean, aromatic, brown hay. In 
mow III the hay was free of mold and was the best quality of brown 
hay produced in any of the tests. 
The carbon dioxide and oxygen in the air of the mows was de-
termined at intervals throughout the experiment by the use of a 
Hayes gas analyzer. These data are given in table 7. The rapid rise 
in carbon dioxide seems to be in accord with the temperatures devel-
oping. It is thought that channels were formed which tended to per-
mit the escape of the gas toward the end of the experiment. The 9 
percent of carbon dioxide found in mow I is the highest concentration 
of this gas found in any of the tests with the larger mows. No appre-
ciable difference was noted in the amount of carbon dioxide evolved 
in the salted mow V in comparison with mow VI that was not salted. 
The mows were filled a second time in 1929 on Aug. 15 with hay 
cut on Aug. 14. Mows I, II and III were filled with hay having 31.2 
percent moisture. Mow II was salted at the rate of .5 percent and 
mow III at the rate of 1.0 percent salt. Mow IV was filled with hay 
having 28.6 percent moisture, mow V with 24.89 and mow VI with 
hay having 20 percent moisture. 
, Temperatures were read as before. None of the mows showed 






j-!HI--tt-t-tfH~-+-{++-+-H---+--+++-LLUJ ~-··-oMow 1 I o--·-oMow 2 \ o-----oMow 3 I I I I I I I I I I 
\ o------oMow5 
W I I ' ~ I ~ 100 I ~ 1 ' 1 w II t:'- I .\ /'. /\ <>· •••••• oMow6 







If}r11 rffNil nlUIDiLl lllHIHlI lY-
~ 
~ 
,al l j 111 111 1 i III ITI1ftTmniimtmmtln" Ltn+untttHHi+fl [H.kl H 1+n 11111l1i±J H ;;: ' 1-..... ~-r- '--I-/H--t-
w (-
101 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
01 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I 
23 1':5 Z7 1::9 :3 5 7 9 ·11 13 I=- 17 19 1::1 1::1:: 1::5 <:'7 1::9 31 Z 4 
JUNE JULY AUc:jU5T 
Fig. 7. Daily temperatures developed in five of the six experimental mows filled with alfalfa hay. Mow I, 58 per-




TABLE 7. THE INFLUENCE OF THE MOISTURE CONTENT OF ALFALFA HAY 
ON THE PERCENTAGE OF CARBON DIOXIDE AND OXYGEN 
PRESENT IN THE MOW. 1929. 
Moisture I Mow 1 
percent 68.29 
Date I CO. I o. 




27 8. 2 12.0 
28 9.0 11.6 
29 
30 3.5 19.0 
July 1 3.5 J9.0 
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2. 2 18.4 
3.5 18.5 
1.8 19.7 














39°C., then cooled quickly. Neither temperature records nor hay 
color indicated any advantage from salting. The color of the hay in 
mows I, II and III had changed somewhat but remained a good, green 
ha y in the other three mows. 
MOWING STUDIES IN 1930 
As in the studies of 1928 and 1929, each mow was filled with 
400 to 500 pounds of hay. The hay was leafy alfalfa cut in the 
one-tenth bloom stage. Three thermocouples were placed in each 
mow, one near the top, one near the center and the other near tht 
bottom. The temperatures were read every 2 hours until they be-
came steady, then two or three times daily thereafter. Only the 8 
a. m. readings in the center of the mow are given in table S. 
As a general rule the temperature rose during the day and was 
higher at 8 p. m. than at 8 a. m. The top of the mow was the warmer 
and the bottom the cooler of the three locations. In general the 
difference between the temperature at the top and that at the bottom 
of the mow was small. In mow IV, however, a difference of 12° C. 
was observed between the top and the bottom of the mow at the end 
of 3 days, the top of the mow being the warmest throughout the 
period. 
The hay in mows IV and V was good, green hay. The salted hay 
in mow II produced hay that was slightly green and decidely not so 
moldy as the brown hay in mow III. The hay in mow I was gray 
and moldy. 
The carbon dioxide and oxygen content of the air in the mows 
was determined at varying intervals during the storage period. As 
in previous tests. the carbon dioxide content was found to be some-
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what higher in the mows with the hay of higher moisture content. 
The carbon dioxide content rose to 6 percent in mow I on the third 
day, after which it slowly diminished but maintained a rather high 
concentration until the end of the experiment. The carbon dioxide 
content of mow II was somewhat lower than mow III, which had 
the same moisture content (33.73 percent) but was not salted. 
The carbon dioxide content of mows IV and V was practically 
the same, as were the moisture content of the hay and the temper-
atures developed. Mow VI did not heat appreciably and only a 
limited carbon dioxide production was evident. 
BALING ALFALFA HAY FROM THE FIELD 
The influence of the moisture content of baled alfalfa on the 
heating and quality of ,the hay has been tested in four experiments. 
The hay was baled in the field with a baler mounted on a tractor 
and with a hay loader attached. This baler moved across the field, 
picking the hay up out of the windrow and baling it as the equip-
ment moved along. 
EXPERIMENT 1 
The hay was cut on Aug. 22 and 23, 1927, the moisture content 
when baled ranging from 20 to 36 percent. Three bales were tagged 
to represent each lot and stored in a cool, slightly humid room. Temp-
erature readings in each bale were made by the use of a potentiometer 
and thermocouples. The hay in the different bales was graded at 
TABLE 8. THE TEMPERATURES DEVELOPED IN THE MOW AS READ AT 
8 A. M. WHEN HAY WAS MOWED AT VARIOUS MOISTURE CONTENTS. 1930. 
Mow! I Mown· I Mowm I MowIV I MowV I MowVI 
Moisture content 39.04 I 33.73 I 33.73 I 32.20 I 29 .76 I 18.65 
Date Degrees Centigrade 
June 21 38 45 47 44 43 38 
22 44 41 41 39 34 35 
23 51 54 53 49 35 35 
24 52 52 53 50 43 41 
25 52 51 56 53 47 42 
26 50 53 57 53 48 42 
27 51 50 55 53 49 39 
28 54 53 55 49 48 37 
29 49 45 48 45 48 38 
30 46 47 51 48 49 40 
July 1 43 50 50 45 44 38 
2 45 47 43 45 38 34 
3 47 45 43 4() 34 32 
4 49 49 43 45 33 33 
(; 47 49 46 37 34 35 
6 53 49 50 43 42 38 
7 50 49 52 43 42 35 
8 50 48 49 42 41 33 
9 47 41 45 43 40 34 
10 50 40 44 40 40 33 
11 50 40 43 
I 
40 40 33 
20 43 3() 32 
22 36 32 33 
29 36 32 34 25 28 24 
--
* One percent salt was added. 
TABLE 9. THE TEMPERATURE DEVELOPED IN BALES OF HAY WHEN BALED AT DIFFERENT MOISTURE CONTENTS AND WITH 
1 PERCENT SALT ADDED, 1928. 
,:&le1-,-Bale 2 I B&le8~Bale 12 Bale 6 Bale 6 I Bale 7 Bale 4 
Moisture percent I 19.2 I 19.2 I 28.65 I 28.65 I 23.65 I 80.8 I 80.8 I 16.07 
Date I Salted I I Salted I I Salted I 
Aug. 17 Degrees Centigrade 
12 7 14 19 
I 
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15 12 6 
16 21 23 
16 32 13 
16 31 7 
7 30 10 
12 34 18 
7 25 14 
10 16 10 
18 17 19 
16 26 24 
22 29 14 
17 23 18 
16 23 14 
11 Ie 12 




14 13 11 
12 16 12 




No.1 Sample No.2 
Bale 8 Bale 9 Bale 10 Bale 11 
16.07 16.07 80.8 80.3 
Salted Salted 
· 16 19 18 21 
11 7 14 26 
17 2~ 16 32 
2<1 19 19 34 
18 17 15 30 
11 9 11 25 
14 14 18 31 
7 3 6 30 
10 4 7 28 
21 8 14 26 
15 22 16 
19 12 13 
18 15 19 
16 9 12 
19 3 8 
12 9 
16 9 7 
12 7 9 13 
16 5 4 
21 16 18 
--66 --58 68 92 





,the end of the test. That with 23, 22.5 and 20 percent moistur~ 
graded U. S. No.2 green hay, although the very outside of the hales 
showed considerable mold. Hay with 26, 29, 32 and 36 percent of 
moisture had lost all green color and was classed as sample grade. 
One bale with 27 percent of moisture had some green color and was 
graded U. S. No.3. There was not the definite line of demarkation 
that this classification might indicate. Hay with 26 percent of mois-
ture made an excellent, clean, brown hay free from "dustiness." 
EXPERIMENT 2 
In 1928, hay grown on rich bottom land was baled on Aug. 17, 
when the moisture varied from 16.07 to 30.3 percent. Representa-
tive hales were stored in a hay barn with the ends and one edge of 
each bale exposed to free air circulation. Thermocouples were 
placed in each bale. Some of the bales were salted at the time of 
baling by sprinkling salt into the hay as it went into the press. The 
temperatures developed and the grade of the hay produced were as 
recorded in tahle 9. 
The heating in the bales was not excessive. The extreme varia-
tions in the temperature readings cannot be accounted for, other than 
to suggest that the changes ill the conditions for evaporation of the 
moisture from the hay may be responsible; also, adjoining- bales 
with a higher or a lower moisture content may have influenced 
temperature development. 
The behavior of these bales also was somewhat erratic from the 
standpoint of the quality of the hay produced. Bales with 16.07 
percent of moisture produced hay grading U. S. No.2, and bales 
with 19.2 percent of moisture produced No. 2 grade in the salted 
hay and No.3 in that not salted. Hay with 23.55 percent moisture 
produced No.2 in the not salted and No.3 leafy in the salted hay. 
Salted hay with 30.3 percent moisture produced two bales grading 
No.1, and that not salted produced a No. 2 and a sample grade hale. 
Hay with approximately 25 percent of moisture or less appeared 
perfectly safe to bale. 
EXPERIMENT 3 
Alfalfa on the Agricultural Engineering Farm was baled with 
varying moisture contents. When the hay was said to be about one-
half cured, two bales were made; the operation was repeated at inter-
vals of 2 hours until the entire field was sufficiently cured to bale 
safely. These bales were tagged and the temperature determined 
daily until it became constant. The temperatures recorded and the 
grade of hay produced in these hales are shown in table 10. 
The alfalfa haled with 32 percent of moisture or more did not 
produce hay of good quality. The highest temperature produced, 
60°C., was found in bale 2 on the second day. The temperature of 
all these bales exceeded 55° C. At this temperature the green color 
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TABLE 10. THE TEMPERATURE DEVELOPED AND THE QUAUTY OF THE 
HAY BALED WITH VARIOUS MOISTURE CONTENTS, 1928. 
I Bale 1 I Bale 2 I Bale 3 I Bale 4 I Bale '5 I Bale 6 
Moistur e percent I 37.4 I 37.4 I 32.4 I 32.4 I 26.3 I 26.3 
--Date I Degrees Centig ra de 
Aug. 21 50 48 
I I 25 56 60 50 50 29 
28 
26 58 60 58 55 39 42 
27 55 57 57 55 44 44 
28 53 54 
I 
55 52 46 45 
29 53 55 57 56 49 48 
30 52 49 55 52 53 45 
31 
\ 
53 54 53 54 50 48 
Sept . 1 52 53 48 51 49 49 
2 50 52 45 50 48 52 
3 50 51 49 55 49 52 
4 45 45 38 48 39 45 
5 33 34 28 43 30 38 
6 25 23 23 30 22 27 
7 23 22 20 27 20 21 
9 27 22 22 23 21 21 
10 21 18 19 20 18 18 
11 19 16 17 20 17 18 
12 21 I 1 ~ 18 26 18 19 14 15 15 16 16 16 16 
---
U. S. g rade Sample Sample Sample Sa mple I No.3 .1 No.3 
was destroyed in the centers of the bales. 
In bales 5 and 6, with 26.3 percent of moisture, considerable 
heating occurred, and the bales did not retain all of their original 
green color but graded U. S. No. 3. -
EXPERIMENT 4 
Hay was baled on June 29, 1929, on the Agricultural Engineer. 
ing Farm. The hay was estimated to be three-fourths field-cured 
when the first three bales were made. At intervals of 2 hours, addi-
tional sets of three bales were made until the hay was fully field-
cured. The last set of bales was made after the field as a whole had 
been baled. The temperatures developed in the bales and the grade 
of hay produced are given in table 11. 
The data indicate that hay with over 30 percent of moisture can-
not be baled with safety. Hay with less than 22 percent would or-
dinarily be considered safe. The D bales, however, with 17.64 per-
cent of moisture, lost some of their green color and were graded as 
"sample," although they were of good quality. Sample grade hay 
was produced in the A, Band D bales with a temperature of above 
50° C. The degree of compression and the freedom with which the 
carbon dioxide may escape from the bale are probably important 
factors accounting for these results. 
Since the completion of the studies already referred to, observa-
tions have been made on a pickup baler used in baling over 300 
tons of alfalfa from the windrow. The results obtained indicate the 
entire practicality of this method of handling hay under the humid 
conditions of the corn belt. The pick-up attachment on the newer 
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types of pick-up balers gently lifts the hay, offering no opportunity 
for leaf loss in the baling process. It has been observed that soft 
hay with over 27 percent moisture will cake in the baler and will 
not expand and fill the wires as it emerges. This characteristic may 
enable an operator to .i ud ge the state of curing of the hay. With 
normal tension of the baler any hay that baled without caking has 
stored satisfactorily and produced a good quality hay. 
DISCUSSION OF HAY STORAGE RESULTS 
The need of more information on the cause of heating and spon-
taneous combustion beco mes evideJ:t in a review of the literature on 
the subject. The initial heating, up to 40-45°C., has been credited 
to (a) the respiration of living cell s in the plant, (b ) the growth 
of microorganisms, (c) a purely chemical oxidation and (d) the 
action of plant r.nzymes released from the cells. 
In none of the extensive experimt:nts of Hildebrandt (27) and 
of Miehe (51) has sterilized hay heated. Both bacteria and molds 
have been found capable of bringing on the preliminary heating 
stage when sterilized hay was inoculated with the microorganisms. 
This seems to discredit al l of the theories advanced to account 
for the preliminary heating atage except that relating to the micro-
organisms. On the other hand, the sterilization may have killed the 
plant cells, destro yed the enzymes or disturbed the chemical relation-
ships, thus preventing or inhibiting the normal functioning of these 
factors. 
Even though the action of microorganisms is given credit for 
this preliminary stage of heating, the method by which it is brought 
TAB- E 11. THE TEMPERATURE DEVELO'PED IN BALES OF HAY BALED AT 
VARIOUS MOISTURE CONTENTS. 1929. 
Bales Bales Bales Bales Bales" 
A C D E 
M=-o'""is-tu-r-e --- ---'3:72""'.0-=-2 - --3:77:..,.6"'7-+----:2,.02'-=.7""1-+----:1-=7'-,.6..,.4 -+---'-:15.00 
DaU;::=-'----- Degrees Centigrade 
June 29 42 41 
I 3!1 42 50 40 37 July 1 46 38 34 33 
2 48 41 31 35 
3 51 43 30 39 
6 50 51 39 51 35 
9 46 50 42 40 42 
10 41 42 40 34 34 
11 48 48 46 41 42 
15 34 31 33 30 30 
16 30 31 33 29 28 
17 30 28 28 30 29 
18 29 25 27 27 26 
20 23 21 22 23 21 
21 
I 
30 29 28 29 29 
26 33 34 36 32 32 
Aug. 4 23 23 24 23 22 
_U_._S_.~g~r_ad_e_~~~Sa~m~p~l~e_~~S~am~pl~e_~_N~o.~2=c-~~S~am~pl~e_~No.2 
• !3a le~ June 30, af ter the fiel<l as a whole had. l;>een bale!!. 
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about is still an unsolved question. Is it due to the heat of respira· 
tion of these thermophiles, or are they, as Browne (9) suggests, 
merely the means of preparing unstable, unsaturated compounds for 
the chemical oxidation process that causes the heating? 
The heating between 40 and 50° C. is credited to the same causes 
as those responsible for the heating in the first stage with the addi· 
tional suggestion crediting the heating to living plant cells. Thermo-
philic fungi are supposedly the ones which work most in the range 
between 40 and 50° C. Miehe, in particular, credits thermophilic ba~­
teria, particularly B. cal/actor, with the heating from 50 to 65°C. 
Hildebrandt (27) believes that the fungi may be much more respons-
ible for the higher temperatures than has been thought in the past. 
Although the presence of life in the cell s of cured hay plants 
has been demonstrated in these studies, further work will be neces· 
sary to determine whether or not the respiration of these cells is 
the cause of the initial heating of the hay. Practically all workers 
in this field of investigation agree that neither the living plant cell 
nor the microorganisms are directly responsible for the heating from 
70°C. to the ignition point. 
Truninger (69) ignited hay at 190° C. The apparatus that he 
used consisted essentially of two flasks in an oven, one of which held 
the hay sample. Thermometers in each flask recorded their respec· 
tive temperatures at 160°C., at which time the heat was checked and 
maintained at this point. The rise in temperature in both flasks 
stopped for a short time; then, the temperature in the flask contain-
ing the hay rose quickly to 190° C. at which point the hay ignited 
with explosive violence. This experiment was duplicated by the 
author with similar results. 
After witnessing the rapid rise in temperature in the hay flask, 
one would be led to credit chemical oxidation with the greater reo 
sponsibility for spontaneous heating and ignition of hay. 
In praotically all of the mowing experiments there was a rather 
striking agreement with the two periods of heating reported by Miehe 
(51) and Cohn (15). The hay that heated rapidly soon after being 
mowed cooled somewhat, then slowly heated again. The highest 
temperature was generally reached between the sixth and tenth days 
after the hay was put in the mow. After a period of 6 weeks the hay 
in the small mows had generally cooled nearly to air temperature. 
Another observation that would tend to place the emphasis of 
the heating on chemical oxidations is the sudden heating and igni-
tion of stacks of hay, which occurred a few years ago in a flooded 
region in Vermont. There was no noticeable heating of this hay 
prior to ,the flood. The water rose on the stacks to as much as 17 
feet on Friday morning. Heating was noticed on Sunday morning, 
and the hay burned on Monday. Unless the microorganisms had pre-
pared the hay previously they could scarcely be credited with the 
fire. 
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Microorganisms probably are present in the early stages of the 
heating of hay, the fungi in the early ranges of heating and the 
bacteria in the entire range from air temperature up to 70°C. Chem· 
ical oxidations probably enter at an early period, if not at the start 
of the heating, and such oxidations probably play an important part 
as the temperature is raised. The part which respiration of the living 
cells of the plant may have in producing the early stages of the 
heating period cannot be ignored. Observations have shown that 
when hay is cured rapidly and then packed into a mow, there often 
is an accumulation of heat within a few hours; while hay that is 
cured slowly, perhaps with a larger percentage of the cells dead, 
heats more slowly. There should be as many, if not more, micro-
organisms present in the slowly cured hay, and therefore it should 
heat just as rapidly or more so if the microorganisms alone are re-
sponsible for ,the early heating. 
Fungi are thought to be more important in the lower ranges of 
heating, due to the fact that hay which heats slowly is usually moldy. 
Hay that has more moisture heats quickly to a higher range and 
cures to a mold-free, brown hay. When hay heats slowly, with the 
development of molds, and the temperature of the hay later rises 
to the range of 55° C. and above, the molds that were present are 
killed, and the hay is "dusty." 
The temperature produced is believed to be instrumental in check· 
ing molds. The temperature developed is a result of the respiratory 
activities of the microorganisms and of the chemical oxidations in 
the lower ranges. The elevation of the temperature stimulates the 
chemical oxidation. 
A summarization of the various mowing trials is found in table 
12. The different trials are arranged in order according to the mois-
ture content of the hay when placed in the mows. 
In no case did hay that had heated above 55°C. have a full 
green color, and in many cases the color was destroyed when the 
temperature did not reach 50°C. The real brown hay is formed at 
temperatures above 50 to 55 °C. 
Rapid heating of the hay seems essential in the .production of 
brown hay. Hay which had heated to 40°C. in the experimental 
mows was brown or gray in color, but it was not the desired soft, 
aromatic, brown hay. Black hay has never been produced in our 
mowing studies, although in 1929 hay was produced which had very 
dark brown areas in it. 
In general, hay may be expected to be safe from dangerous over-
heating when it contains less than 30 percent of moisture. In one 
trial, hay with 25.89 percent of moisture lost its green color, al· 
though from other tests one would not expect this. 
In the 1930 mowing test, hay with 38 percent of moisture when 
placed in the mow retained its full green color and made excellent 
hay. This is the maximum moisture content at which any lot of hay 
40 
'fABLE 12. THE MOISTURE CONTENT, HlGHEST TEMPERATURE DEVELOPED 
AND THE QUALITY OF HAY RESULTING FROM THE 
DIFFERENT MOWING TRIALS, 1928-30. 
Moisture Mow Trial Highe8t 
content No. and Treatment temper- Hay color year ature 
58.3 I 18t-1929 None 83 Dark brown, black aJ'ea ~ 
39.0 I 18t-1930 None 54 Gray and moldy 
38.8 II 18t-1928 None 63 Brown and moldy 
38.1 V 18t-1929 Salted 56 Brown 
38.1 VI 18t-1929 None 54 Brown 
36.9 III 18t-1929 None 67 Clean brown 
34.8 II 18t-1929 None 55 Clean brown hay 
34.2 I 18t-1928 None 59 Brown, some moldy 
33.7 II 18t-1930 Salted 1 percent 54 Slight g reen, clean 
33.7 III 18t-1930 None 57 Brown and moldy 
32.2 III 18t-1928 None 37 Olive green 
32.2 IV 18t-1930 None 53 Green 
31.2 I 2nd-1929 None 30 Slightly brown 
31.2 II 2nd-1929 Sal ted t percen t 33 Slightly brown 
31.2 III 2nd-1929 Salted 1 percen t 26 Slightly brown 
29.8 V 18t-1930 None 47 Good green hay 
28.6 IV 18t-1930 None 39 Good green hay 
26.1 IV 18t-1928 None 42 Slightly brown 
26.1 V 18t-1928 Salted 34 Good g reen hay 
24.9 V 2nd 1929 None 33 Good g reen hay 
20.2 VI 18t-1928 None 24 Good green hay 
20.0 VI 2nd-I929 None 25 Good green hay 
18.7 VI 18t-1030 None 42 Good gl'een hay 
retained its green color in any of the tests. In no case did danger-
ously high temperatures result when the hay had less than 35 percent 
of moisture. Some hay with 38.87 percent of moisture heated to 
67 °C., and ,the most radical heating occurred in a lot of hay having 
38.27 percent of moisture at the time it was placed in the mow. It 
reached a temperature of 83 ° C., the highest observed in any of these 
hay-curing studies. The formation of carbon dioxide which accom· 
panied this extreme heating was greater with this lot of hay than 
with any other, at a concentration of 9 percent of the air in the mow. 
The loss of green color occurs under conditions which favor the 
accumulation of carbon dioxide. In every case where even slight 
heating occurred in the small containers wi.th the formation and 
retention of carbon dioxide, the hay lost its green color. This is 
probably due to the production of weak carbonic acid by the solution 
of carbon dioxide in water which, according to Onslow (64), trans-
forms the green chlorophyll to brown phaeophytin. The brown color 
results when hay softens, becomes sticky and is pressed into a com· 
pact layer in the mow, thus leading to the accumulation of carbon 
dioxide. 
Carbon dioxide content of heating hay is generally highest in 
those mows with the higher moistures and in which the higher 
temperatures occur. A record of the formations of carbon dioxide 
in curing hay might be used to indicate the loss of nutrients in the 
material. In 1930 hay with 33 percent moisture produced brown 
hay, while hay with 32.5 percent moisture produced good green 
hay. The hay with 33 percent of moisture produced a much greater 
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amount of carbon dioxide throughout the test. Hay might lose its 
color due to a rapid-accumulation of carbon dioxide and a sudden 
rise in temperature and not ,have as much of <the carbohydrate ma-
terial break down as hay of equally brown color that had gone 
through a protracted heating period. 
The general belief that brown hay is as good as normal green 
hay for feeding purposes, and that black hay is but slightly inferior, 
needs to be revised and fur<ther investigated. The suggestion of 
Grasemann (23), that the inferior feeding value of brown hay has 
been hidden in ordinary feeding by the greater consumption, seems 
justified. 
The salting of hay at the time of stacking or mowing is an old 
practice. Many farmers still continue to salt their hay, though it is 
believed to be less common than formerly. In these mowing investi-
gations, the effect of salt when used in varying amounts from Y2 
to 2 percent of the weight of the hay has been studied in eight tests. 
Markedly beneficial results from the use of salt were obtained 
in one test and slightly beneficial results in a second test, while no 
appreciable differences were noted in six others. In five of the six 
tests that showed no marked differences, the heating of the hay was 
very slight in both the salted and the unsalted hay. 
Tests on the effect of baling hay with varying moisture content 
have been made in four series. The highest moisture contents at the 
time of baling that resulted in green hay after the heating period 
was passed were 27 percent, 26.3 percent, 30.3 percent and 22.7 per-
cent, respectively. In practically every test, hay with less than 25 
percent of moisture cured without damage to the color of the hay 
when stored in a dry place with the bales properly spaced for air 
circulation. Thirty percent was the maximum moisture content at 
which the hay was baled without the loss of the green color. 
Under Iowa conditions, hay with less than 25 percent moisture 
may be baled if precautions are taken to provide ventilation when 
the material is stored. Investigations on hay baling should be con-
tinued with some attention given to the method of storage after baling 
for best results. The influence of the density of the bale on the keep. 
ing qualities has not been studied. Apparently the temperatures de-
veloped in hay bales correspond fairly well with those in mows 
when the hay has the same moisture content. 
CONCLUSIONS 
The results obtained in these studies justify the following con-
clusions: 
1. The moisture content of the plant in the field is not an im-
portant factor in determining the best time of day to cut alfalfa for 
hay in Iowa. 
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2. Alfalfa hay cures ' more rapidly when left spread out in the 
swath than when exposed in any other manner. 
3. Alfalfa hay retains its leaves and color better when dried in 
the windrow or in small cocks than when spread in the swath. 
4. The best color of hay is obtained by curing with as little ex-
posure to the direct rays of the sun as is possible and at the same, 
time obtain reasonably rapid drying. 
5. The use of the tedder ordinarily is detrimental to the quality 
of alfalfa hay. 
6. Alfalfa can be best cured by windrowing the hay after one-
fourth swath· curing. 
7. Hay put in the mow with below 30 percent of moisture may 
be considered safe from excessive heating. 
8. Hay put in the mow with 25 percent of moisture or less can 
be expected to retain its color and quality. 
9. The green color of hay is destroyed in mows when there is an 
accumulation of water vapor and carbon dioxide at temperatures 
between 40 and SO° C. 
10. The general use of salt to prevent heating of hay in storage 
is not necessary although it may occasionally prevent loss by exces-
sive heating when under-cured hay is placed in storage. 
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